pose tissue PKA has roles in adipogenesis, lipolysis, and mitochondrial function. PKA transduces the cAMP signal downstream of G protein-coupled receptors, which are being explored for therapeutic manipulation to reduce obesity and improve metabolic health. This study aimed to determine the overall physiological consequences of PKA activation in adipose tissue. Mice expressing an activated PKA catalytic subunit in adipose tissue (Adipoq-caPKA mice) showed increased PKA activity in subcutaneous, epididymal, and mesenteric white adipose tissue (WAT) depots and brown adipose tissue (BAT) compared with controls. Adipoq-caPKA mice weaned onto a high-fat diet (HFD) or switched to the HFD at 26 wk of age were protected from diet-induced weight gain. Metabolic health was improved, with enhanced insulin sensitivity, glucose tolerance, and ␤-cell function. Adipose tissue health was improved, with smaller adipocyte size and reduced macrophage engulfment of adipocytes. Using metabolic cages, we found that Adipoq-caPKA mice were shown to have increased energy expenditure, but no difference to littermate controls in physical activity or food consumption. Immunoblotting of adipose tissue showed increased expression of uncoupling protein-1 (UCP1) in BAT and dramatic UCP1 induction in subcutaneous WAT, but no induction in the visceral depots. Feeding a HFD increased PKA activity in epididymal WAT of wild-type mice compared with chow, but did not change PKA activity in subcutaneous WAT or BAT. This was associated with changes in PKA regulatory subunit expression. This study shows that adipose tissue PKA activity is sufficient to increase energy expenditure and indicates that PKA is a beneficial target in metabolic health.
proteins, leading to the induction of lipolysis. WAT is distributed in visceral and subcutaneous depots, with these being further subdivided into regional depots. These WAT depots have distinct characteristics that play specific roles in obesity and metabolic diseases. Visceral WAT is strongly linked to metabolic syndrome (39) , whereas the association between subcutaneous WAT and metabolic disease is less pronounced (15, 20, 41) . Brown adipose tissue (BAT), although also a site of lipid storage, consumes rather than releases lipids upon catecholamine stimulation (4, 6, 23) . BAT expresses uncoupling protein 1 (UCP1) that dissipates the mitochondrial membrane proton gradient to uncouple mitochondrial metabolism from ATP generation, resulting in the release of heat. In humans BAT activity reduces with age, but can still be found in depots in the neck and upper torso (11, 37) . Moreover, obesity and insulin resistance are associated with diminished BAT function and/or mass (11, 37) . The activation of energy consumption by BAT is a potential therapeutic target for reducing obesity and improving metabolic health.
PKA is a heterotetrameric serine/threonine kinase, composed of a regulatory dimer and two catalytic subunits (40) . In the absence of bound cAMP, the regulatory dimer inhibits the kinase activity of the catalytic subunits. Adenylyl cyclase activation leads to a rise in cAMP, which binds two sites on each PKA regulatory subunit, thereby releasing the inhibition of the catalytic subunits. This activates the kinase function and leads to the phosphorylation of target proteins. PKA regulatory subunits are classified in two subtypes, RI and RII, with the RI regulatory subunits (RI␣ and RI␤) having a higher affinity for cAMP than RII regulatory subunits (RII␣ and RII␤). Thus, PKA-RI holoenzymes are more readily activated at low cAMP concentrations. Adipose tissue primarily expresses PKA-RII␤, which is also expressed in the brain (30) . This contrasts with the majority of other tissues, which express PKA-RII␣. In adipose tissue, PKA activation leads to lipolysis by promoting the hydrolysis of the esterified triglycerides in the lipid droplet. This is a sequential process: adipose triglyceride lipase (ATGL) converts triglyceride to diacylglyceride, which hormonesensitive lipase (HSL) hydrolyzes to monoacylglyceride, and this is further hydrolyzed to glycerol and a nonesterified fatty acid. The activity of ATGL and HSL are tightly regulated by PKA, and access to the lipid droplet is controlled by perilipin, which is highly phosphorylated by PKA. In addition to controlling lipolysis, cAMP and PKA also regulate adipogenesis (22, 32, 34, 45, 47) .
Although WAT and BAT have distinct functions, it is clear that WAT can gain characteristics of BAT, at least in mice. In WAT and BAT, catecholamines raise cAMP and activate PKA to mobilize lipid reserves by promoting the hydrolysis of triglycerides. Lipids mobilized in WAT are released during nutritional deprivation to maintain energy supply. In BAT, lipids are consumed in mitochondria during cold exposure to generate heat. However, PKA activity in WAT increases mitochondrial activity (46) , similar to the role of PKA in driving mitochondrial activity in BAT. BAT is characterized by numerous small lipid droplets and a high density of mitochondria that give the tissue its brown appearance. PCG1␣ is the master regulator of mitochondrial biogenesis and oxidative metabolism, and its expression in BAT contributes to the high mitochondrial content and activity of BAT (35) . Catecholamines have been shown to induce the acquisition of a brown phenotype by WAT in mice (17, 42) , and it has been shown that cAMP acting via PKA and PCG1␣ induces UCP1 and promotes mitochondrial biogenesis (5, 16, 35) . This acquisition of a brown adipose phenotype by WAT reduces body weight and improves metabolic health. It has recently been shown that sympathetic regulation of this process can be regulated by leptin and insulin acting synergistically in the hypothalamus (13) , which may underlie the observation of diet-induced thermogenesis (36) .
Two mouse models have been generated that alter adipose tissue PKA expression. Mice transgenically engineered to overexpress the transcription factor FOXC2 had a lean phenotype (7) . This may, in part, be attributable to increased expression of PKA-RI␣, which is more readily activated by cAMP, however, as a transcription factor, FoxC2 regulates the expression of many genes besides PKA-RI␣. Thus, FoxC2 overexpression is likely to have effects beyond the observed increase in PKA-RI␣ expression and PKA activity (18) . Similarly, a whole body knockout of PKA-RII␤, which is the major PKA-R subunit expressed in BAT and WAT, drove a compensatory increase in BAT PKA-RI␣ and a lean phenotype (10) . PKA-RII␤ is also widely expressed in the central nervous system (CNS) (30) , and its ablation has been shown to be through central effects rather than at the adipose tissue (48) . Although both models exhibit a subtype switch from PKA-RII␤ to PKA-RI␣ in adipose tissue, they do not establish whether increased adipose tissue PKA activity is sufficient to drive a lean phenotype.
The aim of this study was to determine the physiological consequences of activating PKA specifically in adipose tissue. As discussed above, PKA regulates many important processes in adipose tissue, including lipolysis, adipogenesis, and the induction of mitochondrial activity. It has been proposed that therapeutically targeting G protein-coupled receptors (GPCRs) expressed in adipose tissue to raise cAMP, such as the ␤3-adrenergic receptor (␤3-AR), could reduce body weight and improve metabolic health (12, 29, 42) . However, because of the wide-ranging effects of adipose PKA activation, the physiological consequences of specifically activating PKA throughout the adipose tissue are unknown. Here, we use the adiponectin:Cre-recombinase mouse line (Adipoq-Cre mice) (14) to induce expression of an activated PKA-C␣ allele (PKA-C␣R) (31) specifically in adipose tissue (Adipoq-caPKA mice). Using these mice, we show that activation of PKA specifically in adipose tissue is sufficient to protect against diet-induced obesity and improve metabolic health.
METHODS
Animals. Adiponectin-Cre homozygous mice (Adipoq-Cre ϩ/ϩ ) (14) on a C57BL/6J background were crossed to PKA-C␣R (PKA-C␣ ϩ/R ) (31) heterozygous mice on a C57BL/6J background. AdipoqCre mice use adiponectin gene promoter fragments to provide highly specific Cre expression in adipose tissue (14, 43) . The activating mutation of PKA-C␣ was targeted to the endogenous PKA-C␣ allele, so it is referred to as the PKA-C␣R allele. Only male offspring of this cross, Adipoq-caPKA mice (Adipoq-Cre ϩ/Ϫ ; PKA-C␣ ϩ/R ) and littermate controls (Adipoq-Cre ϩ/Ϫ ; PKA-C␣ ϩ/ϩ ) were used in this study. Mice were maintained in the University of Chicago animal facility under the day-to-day care of the facility staff, according to a protocol approved by the Institutional Animal Care and Use Committee of the University of Chicago. Mice were fed either a standard chow diet (24% protein, 18% fat, and 58% carbohydrate; Harlan Teklad, cat. no. 2918) or a high-fat diet (20% protein, 20% carbohydrate, 60% fat, Research Diets, cat. no. D12492), and housed at ϳ21°C on a 12:12-h light-dark cycle.
PKA activity assays. PKA activity was measured in lysates prepared from adipose tissue snap frozen in liquid nitrogen upon dissection. The method used was similar to that which we have previously described (25, 26) and is adapted from Clegg et al. (9) . This assay measures PKA activity in response to cAMP added exogenously to the in vitro assay and so reflects the PKA capacity of the sample as a function of the combined expression of the PKA catalytic and regulatory subunits. The assay is based upon the phosphorylation of the added PKA substrate, kemptide, in response to known concentrations of added cAMP. Values were corrected to PKI-inhibited samples that identified the PKA-independent kinase activity.
Physiological and metabolic analyses. Insulin sensitivity was assayed by insulin tolerance test (ITT), in which insulin at 0.75 U/kg of body wt was given by intraperitoneal administration to 4-h fasted mice. Blood glucose was measured prior to insulin injection and at the indicated time points thereafter. Glucose tolerance was measured with 1 g/kg body wt glucose by intraperitoneal glucose tolerance test in 4-h fasted mice. The arginine response of insulin secretion was measured by sampling tail vein blood prior to, and at 2 min following, an intraperitoneal bolus of L-arginine dissolved in saline at 1 g/kg body wt. Blood glucose was measured using a Freestyle Lite glucose meter (Abbott Laboratories). Insulin was measured in plasma using the Ultrasensitive Mouse Insulin ELISA (Alpco, cat. no. 80-INSMSU-E01).
For the metabolic analyses and measurement of body composition, mice were weaned on to a high-fat diet (HFD) at 4 wk of age and maintained on the HFD to 25 wk of age. Male mice at 25 wk of age were individually housed in metabolic cages (LabMaster System, TSE Systems), and maintained on the HFD in the metabolic cages for 7 days: a 3-day acclimatization period, followed by 4 days during which data were collected on oxygen consumption, carbon dioxide production, energy expenditure, activity, and food and water consumption. Food consumption was also measured in mice housed under standard facility conditions with 2 or 3 male mice of the same genotype per cage. The respiratory exchange ratio was measured as the ratio of O2 inhalation to CO2 production. Following the 7 days in the metabolic cages, body composition was analyzed by DEXA (dual-energy X-ray absorptiometry; Lunar PIXImus densitometer system; GE Healthcare) using PIXImus 2 software after system calibration, according to the manufacturer's instructions. This analysis was performed with the assistance of the Metabolic Testing Facility of the Diabetes Research and Training Center at the University of Chicago.
Histology. Adipose tissue depots were removed from killed mice and fixed overnight at 4°C in paraformaldehyde diluted to 4% in PBS. The tissue samples were washed in PBS and embedded in paraffin; 5-m sections were cut in the Human Tissue Resource Center at The University of Chicago. Sections were deparaffinized and either stained with hematoxylin or processed for immunostaining. Immunostained samples were incubated with primary antibodies for Mac2 (Cederlane, cat no. CL8942AP; 1:1,000), UCP1 (Abcam, cat no. ab10983; 1:1,000) and perilipin (Cell Signaling, cat. no. 9349; 1:500).
Immunoblotting. Harvested adipose tissue was immediately frozen in liquid nitrogen. Ground tissue samples of ϳ50 mg were sonicated at 1 mg/10 l in 240 mmol/l Tris-acetate, 1.0% SDS, 0.5% glycerol, 5 mmol/l dithiothreitol, protease inhibitors (Sigma-Aldrich, cat. no. P8340), phosphatase inhibitor (Santa Cruz Biotechnology, catalog no. sc-45044), 1 mmol/l Na 3VO4, 10 mmol/l ␤-glycerophosphate; boiled for 10 min; and sonicated again. Lysates were resolved by gel electrophoresis and transferred to nitrocellulose. Immunoblotting used the following antibodies: anti-UCP-1 (Abcam, cat. no. ab10983, diluted 1:1,000); anti-tubulin (Cell Signaling Technologies, cat. no. 5346, diluted 1:2,000). Horseradish peroxidase-linked secondary antibodies were obtained from Jackson Laboratories, and images were developed using a chemiluminescent kit (Perkin Elmer, cat. no. NEL103001EA). Images for quantification were acquired using a Bio-Rad ChemiDoc MP system and are expressed in arbitrary units relative to the loading control.
Statistical analyses. Data, expressed as means Ϯ SD, were analyzed by unpaired Student's t-tests, one-way ANOVA, and two-way ANOVA using Prism software (GraphPad). P Ͻ 0.05 was considered significant.
RESULTS
Adipoq-caPKA mice have increased adipose PKA activity and reduced adiposity. Male Adipoq-caPKA and littermate control mice were weaned at 4 wk of age onto a HFD or were weaned onto chow before being switched to a HFD at 25 wk of age. Mice weaned onto the HFD were killed at 25 wk of age for tissue analysis. In lysates prepared from WAT depots (subcutaneous, epididymal, and mesenteric) and from BAT, basal PKA activity was measured without added exogenous cAMP. In all four depots, basal PKA activity was approximately five-fold higher in tissue from the Adipoq-caPKA mice, compared with tissue from littermate controls (Fig. 1) . These activated PKA values in adipose tissue from Adipoq-caPKA mice are approximately one-third of the activity seen in the presence of 0.1 M cAMP (a typical basal cellular cAMP level; see Ref.
3) and 2% of the maximal activity (with 10 M cAMP). Adipoq-caPKA mice accumulated body weight at a slower rate than the littermate controls (Fig. 2) . In mice weaned to a HFD, body weight accumulated at a lower rate than in controls ( Fig. 2A) . At 25 wk of age DEXA revealed that the lean body mass was similar in Adipoq-caPKA mice and littermate controls, but the fat mass was significantly reduced in Adipoq-caPKA mice (Fig. 2B) . Similarly, in mice weaned onto chow and then switched to the HFD at 25 wk of age, the increase in body weight was significantly reduced in AdipoqcaPKA mice, compared with littermates, although the AdipoqcaPKA mice did gain weight on HFD at a greater rate than when they were fed chow (Fig. 2, C and D) . Therefore, the Adipoq-caPKA mice have a reduced body weight accumulation compared with control littermates, which is attributable to a reduced accumulation of adipose tissue mass. Adipoq-caPKA mice maintained to 35 wk of age on a chow diet did not differ in body weight gain compared with littermates ( Fig. 2, E and  F) , showing that PKA activity only protects against dietinduced obesity and does not cause weight reduction under normal feeding conditions.
Adipoq-caPKA mice have improved metabolic health. Obesity is associated with insulin resistance and impaired glucose clearance. Insulin sensitivity and glucose tolerance were studied to determine whether the reduced adiposity improved the metabolic health of Adipoq-caPKA mice. Glucose tolerance was measured by intraperitoneal glucose tolerance test at 25 wk of age in mice weaned onto the HFD (Fig. 3A) . In mice weaned on to chow and later switched to a HFD, glucose tolerance was measured after 10 wk of the HFD (Fig. 3B) . In both groups, Adipoq-caPKA mice exhibited significantly better glucose tolerance than littermate controls. Insulin sensitivity was measured by ITT both in mice weaned on to the HFD at 25 wk of age (Fig. 3C ) and in mice weaned on to chow and then transferred to the HFD at 25 wk of age (Fig. 3D) . In these mice, Adipoq-caPKA mice retained significantly better insulin sensitivity than control mice. ␤-cell function was examined using the arginine tolerance test. Plasma insulin levels were measured after a 4-h fast and again 2 min after an intraperitoneal injection of 1 g/kg body wt L-arginine. The 2-min postarginine insulin value was expressed relative to the baseline fasting value (Fig. 3E) . In control mice, this ratio was 1.1, indicating very little response of the ␤-cells to the arginine. In contrast, the ratio in Adipoq-caPKA mice was 1.9, indicating that the ␤-cells retained a functional response to the arginine. In agreement with these findings of better insulin sensitivity and ␤-cell function, ad libitum-fed Adipoq-caPKA mice had lower circulating glucose levels, and 5-h fasted mice had lower insulin levels than controls, consistent with more effective insulin action (Fig. 3, F and G) . These data show that the reduced body weight due to the activation of PKA in adipose tissue is associated with better metabolic health. In AdipoqcaPKA mice, both ␤-cell function and insulin sensitivity were improved relative to littermates.
Adipose depots of Adipoq-caPKA show smaller adipocytes and less macrophage infiltration. Reduced adiposity could be a consequence of either reduced adipocyte size or a reduction in the number of adipocytes. Adipose tissue from three depots was examined by histological staining: inguinal subcutaneous WAT, epididymal visceral WAT, and supraclavicular BAT (Fig. 4A) . Hematoxylin staining of BAT showed a significant reduction in the lipid content of the tissue. Similarly, staining showed smaller adipocytes in subcutaneous and epididymal depots (Fig. 4A) . Smaller adipocytes are associated with healthier adipose tissue (24, 27, 38) . Consistent with healthier adipose tissue, macrophage engulfment of adipocytes was observed in epididymal adipose tissue from control mice but not Adipoq-caPKA mice (Fig. 4B) . At low magnification, crown-like structures (indicative of macrophage recruitment to dead adipocytes) were seen across the tissue sample in control mice (Fig. 4, B, a and B, c) but not in Adipoq-caPKA mice (Fig. 4, B, b and B, d ). To confirm that these structures were accumulations of macrophages, sections were immunostained for Mac2 to identify macrophages. This revealed numerous adipocytes surrounded by macrophages in epididymal adipose tissue from control mice (Fig. 4B, e) but not in tissue from Adipoq-caPKA mice (Fig. 4B, f) . Thus, the activation of PKA in the adipose tissue of Adipoq-caPKA mice results in smaller adipocytes and healthier adipose tissue. 2 . Adipoq-caPKA mice gain less weight on a high-fat diet. A: Adipoq-caPKA (, n ϭ 7) and littermate controls (OE, n ϭ 12) were weaned onto a 60% high-fat diet at 28 days of age, and their weight was monitored. AdipoqcaPKA mice gained significantly less weight than littermate controls: ***P Ͻ 0.001 by two-way ANOVA. B: At 25 wk of age, Adipoq-caPKA mice (black bar; n ϭ 3) and littermate controls (white bar; n ϭ 5) weaned onto the high-fat diet (HFD) were euthanized, and the body composition was analyzed by DEXA. Although lean mass of the mice was similar, the fat mass was significantly less in AdipoqcaPKA mice: ***P Ͻ 0.001; ns, not significant by Student's t-test. Adipoq-caPKA mice ( and black bars) and littermate controls (OE and white bars) were weaned onto a chow diet and were either switched to the HFD at 25 wk of age (C and D; n ϭ 5-8) or remained on the chow diet (E and F; n ϭ 3/group). Body weight was measured (C and E), and the change in body weight was calculated, either after 4 wk of HFD (D) or over the 10 -35-wk period on the chow diet (F). Body weight was compared in C and E between Adipoq-caPKA mice and controls using two-way ANOVA and Bonferroni post hoc test analyses. Changes in body weight (D and F) were compared by Student's t-test. ***P Ͻ 0.001; ns, not significant.
Adipoq-caPKA mice have increased energy expenditure. To determine the reason for the reduced adiposity with PKA activation, Adipoq-caPKA and littermate control mice were placed in metabolic cages. After a 3-day acclimatization period, data were collected for 4 days. Food intake in the metabolic cages did not differ between Adipoq-caPKA mice and control littermates (Fig. 5A) , and this was confirmed by measuring food consumption in group-housed mice under standard animal facility conditions (Fig. 5B) . Activity, measured on the x-y axes and on the y-axis, was not different between Adipoq-caPKA mice and controls (Fig. 5C and data not shown). Measurement of energy expenditure revealed that Adipoq-caPKA mice have a higher metabolic rate than littermate controls, under both the light and dark cycles (Fig.   5D ). These data show that the resistance of the AdipoqcaPKA mice to gaining weight on a HFD is solely due to increased energy expenditure and cannot be attributed to increased activity or reduced food intake.
Adipoq-caPKA mice express UCP1 in subcutaneous WAT and increased UCP1 in BAT. To determine the reason for the increased energy expenditure of Adipoq-caPKA mice, WAT and BAT depots were harvested and analyzed by immunoblotting for UCP1 expression. UCP1 expression is associated with energy expenditure in BAT leading to heat generation, but its expression is usually not associated with WAT. Consistent with this, BAT from both Adipoq-caPKA and control mice showed strong UCP1 expression, whereas epididymal and mesenteric WAT depots showed no UCP1 expression (Fig. 6A) . However, UCP1 expression was strongly upregulated in the inguinal subcutaneous adipose of Adipoq-caPKA mice but was undetectable in subcutaneous adipose from control mice (Fig. 6A) . To assess the UCP1 expression in BAT more fully, less protein was loaded for the immunoblotting analysis. This clearly revealed a modest but consistent increase of 17% in UCP1 expression in the BAT tissue from Adipoq-caPKA mice over the level observed in littermate control mice (Fig. 6, B  and C) . Consistent with the immunoblotting, immunostaining of subcutaneous WAT tissue showed no UCP1 in control mice, but widespread UCP1 expression throughout the subcutaneous depot. Thus, the increased energy expenditure of Adipoq-caPKA mice is most likely due to the induction of UCP1 expression in both BAT and subcutaneous WAT. These data show that PKA activation is sufficient to induce changes to a brown-like phenotype in the subcutaneous WAT and to increase UCP1 expression in BAT.
DISCUSSION
PKA regulates many important processes in the establishment and function of adipose tissue. The aim of this study was to determine the physiological consequences of activating PKA throughout the adipose tissue depots. We used a genetic approach to activate PKA specifically in white and brown adipocytes, through the use of the aponectin/Cre-recombinase mouse model. This model has been thought to only increase PKA activity in adipocytes already sufficiently differentiated to activate the adiponectin promoter, and so we did not expect to affect adipogenesis, but rather affect the function of mature adipocytes. However, recent data indicate that the adiponectin promoter may be active in preadipocytes (21) . We had considered it possible that activation of adipose PKA might reduce metabolic health by driving unrestricted lipolysis. However, this was not the case. In our mouse model, we observed improved metabolic health and resistance to diet-induced obe- sity. We attributed this effect to increased energy expenditure, the basis of which was most likely the increase in the already high level of uncoupling protein 1 (UCP1) expression in BAT, as well as a potential contribution from the dramatic induction of UCP1 expression in subcutaneous WAT. However, it should be noted that even upon this dramatic induction of UCP1 in subcutaneous WAT, UCP1 levels in BAT are much higher than those observed in the subcutaneous WAT. Presumably mitochondrial uncoupling in both these depots contributes to the increased energy expenditure, although these experiments did not determine the relative contribution of the BAT and subcutaneous WAT to the total increase in energy expenditure. Previously, it has been reported that increasing adipose tissue PKA activity leads to a lean phenotype (7, 10) . In the first of these studies (7), PKA activity was increased by transgenic overexpression of FoxC2. The second study knocked out expression of PKA-RII␤ (10), which is the predominant PKA regulatory subunit in adipose tissue, but which is also expressed in the CNS (10) . In both studies, expression of PKA-RI␣ was increased relative to PKA-RII␤, which led to an increased sensitivity of PKA holoenzymes to cAMP due to the higher affinity of PKA-RI subunits for cAMP, compared with PKA-RII subunits. However, overexpression of the transcription factor FoxC2 affects many adipocyte genes (7) and potentially nonadipose genes through the use of the aP2 promoter (28) . Ablation of PKA-RII␤ increases adipose PKA-RI␣ expression that may be expected to increase adipose tissue PKA activity, similar to FOXC2 overexpression. However, its effects have been found to be largely in the CNS (48) . The lack of an adipose tissue phenotype in mice lacking PKA-RII␤ may be due to a significant reduction in the expression of PKA-C␣ that negates the change in regulatory subtype (1) . Activation of adrenergic and other GPCRs that act via cAMP have been shown to increase energy expenditure in mouse models (8) . However, many signaling pathways are activated downstream of GPCRs. Overall, although these studies alter adipose PKA activity, they do not establish the functional effects of PKA activity. The importance of our data is that it shows that activation of PKA alone in adipose tissue is sufficient to induce resistance to diet-induced obesity.
The induction of energy expenditure by adipose tissue is currently an area of intense research activity, where the activation of preexisting BAT or the acquisition of a brown-like phenotype by WAT appears to have considerable health benefits. Although the acquisition of characteristics of BAT by WAT is well established in rodents, it has not been established in humans. Therefore, our demonstration that PKA activity increases UCP1 expression in BAT may be more relevant to human therapy. The origin of the brown-like adipocytes in WAT tissue is keenly debated. Data have been presented to support both the gain of a brown adipose-like phenotype by preexisting WAT and the expansion of brown adipose-like precursor cells within WAT depots (2, 19, 33, 42, 44) . Our use of the adiponectin promoter to induce PKA activity, indicates that the expression of PKA in cells already sufficiently differentiated to express adiponectin is able to induce these cells to acquire the brown adipose-like phenotype. Thus, preexisting WAT adipocytes are able to gain a brown adipose phenotype, but only in the subcutaneous and not the epididymal or mesenteric depots. However, this interpretation is complicated by the recent observation that lipid-lacking proliferating preadipocytes also express adiponectin (21) . These new data require closer examination to determine whether preadipocytes do express adiponectin and when Cre-recombinase is expressed in mouse strains that employ adiponectin promoter sequences to drive Cre-expression. An alternative explanation of our data is that PKA activation in mature adipocytes in our mouse model releases factors (possibly lipids) that induce a change in local precursor cells. We do not think that this is likely, as staining of subcutaneous adipose for UCP1 shows a homogenous pattern of UCP1 expression, indicating that nearly all cells are expressing UCP1. We conclude from these data that the activation of PKA in the subcutaneous WAT of mice induces the acquisition of brown adipose-like characteristics in mature, preexisting adipocytes, but this conclusion is dependent upon the determination that Cre-recombinase in the Adipoq-Cre mice is only expressed in mature adipocytes. Our study does not exclude that possibility that a nonwhite adipocyte precursor in which the adiponectin promoter is activated is the precursor for the cells that express increased UCP1 in the Adipoq-caPKA mice.
Perspectives and Significance
In summary, our data show that activating PKA in adipose depots protects against diet-induced obesity and improves metabolic health through increased energy expenditure. Benefits to metabolic health of PKA activation lie in reduced adiposity, smaller adipocytes, reduced macrophage engulfment of adipocytes, increased insulin sensitivity, and retained ␤-cell function. As PKA is an important mediator of the cAMP signal downstream of GPCRs, which are important targets for the development of new therapies, targeting adipose GPCRs that activate PKA may provide opportunities to develop drugs to Subcutaneous WAT x UCP1 Fig. 6 . Adipose PKA activation induces UCP1 expression in adipose tissue. Adipose depots were harvested from control and Adipoq-caPKA mice, which had been weaned onto a high-fat diet and killed at 25 wk of age.
Lysates prepared from subcutaneous, epididymal, mesenteric, and brown adipose depots were probed for uncoupling protein 1 (UCP1), with tubulin as a loading control (A and B). Less protein was loaded in B (compared with A) to allow observation of differences in UCP1 expression. The data in B were quantified (C), and expression compared between Adipoq-caPKA and control BAT samples (Students t-test: *P Ͻ 0.05). UCP1 staining of inguinal subcutaneous adipose tissue, harvested at 25 wk of age from male control (D) and Adipoq-caPKA (E) mice that had been maintained on a HFD since weaning at 4 wk of age.
reduce obesity and improve metabolic health. Taken together, these findings support the interest in therapeutically targeting PKA in adipose tissue.
